An avian leukosis virus-based packaging cell line was constructed from the genome of the Rous-associated virus type 1. The gag, pol, and env genes were separated on two different plasmids; the packaging signal and the 3' long terminal repeat were removed. On a plasmid expressing the gag and pol genes, the env gene was replaced by the hygromycin resistance gene. The phleomycin resistance gene was inserted in the place of the gag-pol genes on a plasmid expressing the env gene. The plasmid containing the gag, pol, and Hygror genes was transfected into QT6 cells. Clones that produced high levels of p279as were transfected with the plasmid containing the Phleor and env genes. Clones that produced high levels of env protein (as measured by an interference assay) were tested for their ability to package NeoR-expressing replication-defective vectors (TXN3'). One of the clones (Isolde) was able to transfer the Neo+ phenotype to recipient cells at a titer of 105 resistance focus-forming units per ml. Titers of supernatants of cells infected with Rous-associated virus type 1 prior to transfection by Neor vectors were similar. Tests for recombination events that might result in intact helper virus showed no evidence for the generation of replication-competent virus. The use of selectable genes inserted next to the viral genes to generate high-producer packaging cell lines is discussed.
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Livestock improvement as well as studies of cell lineage in the chicken embryo have both raised the need of generating helper-free replication-defective retroviruses at high titers (3, 14, (25) (26) (27) . Recently, an avian leukosis virus (ALV)-based packaging cell line has been constructed in which the helper virus genome is not a transmissible replication-competent virus (30) . The signal for packaging of viral RNA has been deleted. Thus, while it produces all the viral proteins necessary for virus replication and assembly, there is no release of wild-type helper virus by this packaging cell line. However, when the packaging line was transfected with a replication-defective vector containing an intact packaging signal required for its own packaging, replication-competent viruses could arise, probably by a recombination event between the helper and the vector genomes. Contaminating helper virus is a major problem in the use of retroviral vectors for introducing foreign genes in the chicken germ line because its proliferation induces leukosis (35) . To circumvent this problem, we constructed a new ALV-based packaging cell line in which the helper genome was further disabled by deleting the 3' long terminal repeat (LTR) (29) . Two recombination events would then be necessary to produce replication-competent retrovirus. We showed that this packaging cell line did not produce any wild-type retrovirus. However, vector titers obtained from this packaging line were always 10 to 20 times lower than titers obtained with a coinfecting helper virus. High-titer replication-defective vectors are a major requirement for experi-ments whose goal is to infect the germ line because only a very small proportion of the cells is committed to the germ line in the newly laid egg (32) .
We approached this problem by generating a new packaging cell line expressing the gag, pol, and env genes on two separate plasmids. In addition, the two packaging genomes were further disabled by the deletion of their packaging signal and their 3' LTR. This strategy was shown to be very safe as far as production of replication-competent retrovirus is concerned (10, 12, 20) . To get high levels of expression of the viral genes, a selectable gene (Hygror and Phleor genes) was inserted within the viral genome so that the selectable and the viral genes were expressed from the same transcription unit. A packaging cell line was generated, producing as many vector retrovirus as cells coinfected with helper virus. In addition, the three recombination events necessary to generate replication-competent helper virus could not be detected. (29) . pTXN3', pTXN5', pXJ12, and pNL53 are avian erythroblastosis virus based vectors (see Fig. 2 ). pTXN3', pTXN5', and pXJ12 have been described elsewhere (1) . pNL53 is a derivative of pTXN5' described previously (1 ( and its splice acceptor site) was isolated from pUCEnvA and inserted into pTXN5' previously deleted of its J region (which contains the splice acceptor site of avian erythroblastosis virus) and of AEV-benv residue (Fig. 2) . The resulting retroviral vector was called pNEA.
MATERIALS AND METHODS
Cells and media. The QT6 cell line was obtained from C. Moscovici (Gainesville, Fla.), (24) . Chicken embryo fibroblasts (CEFs) were prepared from C/O SPAFAS 10-day-old chicken embryos and grown as described previously (13) . QT6 and CEF cells were grown in F10 medium supplemented with 5% calf serum and 1% chicken serum. Medium and sera were purchased from Flow Laboratories. G418 (GIBCO-BRL), hygromycin B (Boehringer-Mannheim), and phleomycin (Cayla) were dissolved in phosphate-buffered saline (PBS) and sterilized by filtration through 0.22-,umpore-size membranes.
DNA transfection. Plasmids DNAs were transfected into QT6 cells as described by Kawai and Nishizaka (17) . Transfected cells were selected in medium containing 200 ,ug of G418 per ml, 30 to 80 ,ug of hygromycin B per ml, or 10 to 50 ,ug of phleomycin per ml. Medium containing the antibiotics was replaced every 3 days for 7 to 15 days. Resistant colonies were isolated by using cloning cylinders.
Detection of viral proteins. Production of viral proteins was analyzed from culture supernatants and cell lysates by an enzyme-linked immunosorbent assay (ELISA) with an antip279ag (7), as described previously (29) .
Virus assay. Fresh media (4 ml) were added on confluent producer cells plated on 100-mm dishes, and 6 to 8 h later, virus samples were collected and then filtrated through 0. 22 (3 ,ug) were diluted 1/500. ND, Not determined.
' GPH clones were transfected with DNA from the NEA retroviral vector (Fig. 2) . Titers are expressed as numbers of Neo+ colonies induced by infection of QT6 cells with 1 ml of viral stock. RFU, Resistance focus-forming units.
transfected with pGPH plasmid DNA and selected with hygromycin B (Fig. 3) . Hygromycin B-resistant (Hygro+) cell colonies were isolated and grown individually. A total of 23 Hygro+ clones were screened by an ELISA for production of p279ag protein both in culture supernatant and in crude cell lysates (Table 1) . Some GPH (Hygro+) clones were found to produce as much p279ag as RAV1-infected QT6 did. A positive correlation was found between levels of p279ag in culture supernatants and in cell lysates. Therefore, it was most likely that any variations in the level of p279ag between clones resulted from genuine variations in the activity of the proviruses and was not simply due to the inaccuracy of the measurement. It must be pointed out that all GPH clones were cultured in medium containing hygromycin B. Hygromycin B was omitted for collecting supernatants for p279ag assay only.
To determine whether these GPH Hygro+ cell lines were providing all the proteins encoded by the gag and pol genes, nine of them were transfected with pNEA plasmid DNA (Fig. 3) . pNEA is a packaging-competent vector which carries and expresses both Neor and env genes. Therefore, it could complement GPH cells for production of infectious viral particles by providing both env proteins and genomic RNAs. Transfected cells were selected with G418 (200 ,ug/ml) and polyclonal cultures (more than 100 Neo+ colonies) were grown for each GPH cell line. Supernatants from these cultures were harvested and titrated by infecting fresh GPH 18 will be referred to as the Haydee cell line.
Testing of the pPhEA packaging mutant. The Haydee cell line expressing gag and pol genes was transfected with plasmid pPhEA (Fig. 3) . pPhEA is a packaging-deficient mutant (Fig. 2) (Fig. 2) . RAV1-infected QT6 cells were also transfected with the same retroviral vectors as a control. Transfected cells were selected in G418. Neo+ clones from Isolde cells were then cultured in medium containing hygromycin B (for selecting cells expressing the pGPH plasmid), phleomycin (for selecting cells expressing the pPHEA plasmid), and G418 (for selecting cells expressing the vector). The three antibiotics were omitted from the culture medium only when supernatants were collected for virus production. Virus was harvested and titrated by infecting fresh QT6. Results are reported in Table 3 . For every retroviral vector tested, the Isolde helper cell line produced as many vector particles as QT6-RAV1. Titers ranged from 5 x 104 to 1 x 105 G418 CFU/ml. Differences in titers might have resulted solely from difference in the structure of the vectors.
Tests for release of replication-competent viruses. As a preliminary test for release of replication-competent viruses from packaging cell lines, culture supernatants from either NL53-, TXN3'-, or XJ12-vector-producer cell lines were used to infect CEFs, which were then passaged in culture for 2 weeks. All these CEF cultures remained p279ag negative (as demonstrated by ELISA), and their supernatants were unable to transmit G418 resistance to normal CEFs.
Production of replication competent virus was further tested by in situ detection of p279ag producing cells in QT6 cultures infected with each of the helper-free vector virus stocks. No p279'9-positive cells were detected even when 5 ml of helper-free virus stock was used to infect fresh QT6. These data provide evidence that the Isolde packaging cell line does not release any helper virus.
DISCUSSION
Characteristics of the packaging mutants tested. A new ALV-based vector packaging cell line was designed in which several alterations of the wild-type assistant proviral genome were introduced. In avian and murine retroviruses, a region located between the 5' LTR and the initiator codon of the gag gene is responsible for efficient packaging of viral RNAs into virions (16, 18, 19, 28, 33) . The deletion of 52 nucleotides encompassing this sequence in the packaging mutant pHF13 had been previously reported (29) . However, it has been shown for both murine (8, 19, 22) and avian (30) viruses that this deletion was not sufficient to fully abolish the generation of replication-competent viruses. Such viruses might arise from recombination between the overlapping sequences of packaging-competent vector genome and packaging-defective helper genome. To circumvent these problems, the helper genome was further crippled. Efficient packaging cell lines were designed by replacing the 3' LTR with an heterologous polyadenylation sequence. This additional mutation was shown to be efficient at eliminating the formation of replication-competent viruses (10, 20, 21, 29) .
To further reduce the probability of generating replicationcompetent viruses via intermolecular recombination, the viral genes were expressed from two separate plasmids, one expressing the gag and pol genes and the other one expressing the env gene. In both plasmids, the packaging sequence was deleted and the 3' LTR was replaced by the polyadenylation sequence from heterologous viruses. This approach had already been reported (4, 10, 12, 20, 34) . This alteration was shown to fully abolish the generation of replicationcompetent viruses (10, 12, 20) .
Use of selectable packaging mutants. As opposed to cotransfection of a conventional packaging mutant with a second plasmid carrying the selectable marker, the selectable gene was inserted inside the retroviral genome (Fig. 2) .
The Phleor gene, conferring resistance to phleomycin, was introduced in place of the gag and pol genes next to the env gene in plasmid pPhEA. Similarly, the Hygror gene, conferring resistance to hygromycin B, was inserted in place of the env gene in plasmid pGPH expressing also the gag and pol genes. Because the selectable gene and the viral genes were coexpressed from the same transcription unit, we thought this strategy would result in a more straightforward selection of clones expressing high levels of viral proteins. As a matter of fact, a packaging cell line producing 105 TXN3' infectious particles (as many as produced by RAV-1/TXN3'-infected QT6 cells) was isolated from only 34 clones screened for p279ag or gp85env production (23 Hygror GPH clones plus 11
Phleor Haydee-PhEA clones). By comparison, in our previous report (29) , a packaging cell line (pHF-g) producing only 104 TXN3' infectious particles was isolated from 126 clones screened for p278aB and/or virus production.
However, it might be pointed out that packaging cells had to be cultured in medium containing hygromycin, phleomycin, and G418 in order to maintain high virus production.
Under these conditions, high titers were obtained after the cells were passaged in culture for several weeks. In contrast, in the absence of selective pressure, virus production dropped dramatically within few weeks. Antibiotics were omitted in medium used to harvest virus only.
It is theoretically possible that, by increasing the concentration of antibiotic in culture medium, resistant cell colonies with a higher level of expression of both the selectable gene and the viral genes might be isolated. This would allow a more straightforward isolation of higher-producer helper cell lines. However, it might also lead to isolation of clones containing altered proviral DNAs favoring expression of the selectable gene at the expense of the viral genes. It has been shown that some specific sequences located within the gag-pol region have a cis-acting effect on splicing by regulating the balance of genomic versus subgenomic RNAs (9, 15, 23, 31) . Mutational events within such sequences in the pGPH packaging mutant (in which the Hygror gene is expressed from the subgenomic RNA) might artificially increase expression of the Hygror gene by increasing the amount of subgenomic RNAs at the expense of genomic RNAs.
Screening of putative packaging cell lines. Screening of GPH Hygro+ cell colonies for production of gag and pol viral proteins was carried out in two steps (Fig. 3) . First, production of viral proteins was measured by detecting p279ag in culture supernatant with a quantitative ELISA.
Then, the nine highest p279ag producer clones were further screened by a complementation assay. They were transfected with a plasmid containing the genome of the retroviral vector pNEA expressing the env gene (Fig. 3) . Then, production of infectious viral particles was analyzed. Surprisingly, no correlation between p279ag production and viral production was found. Some GPH clones with the highest level of p279aa production produced very few particles.
Conversely, clone GPH18 (later called Haydee), which displayed the highest level of viral production, produced only an intermediate level of p279'9. Since, for each GPH Hygro+ clone, viral production was measured from a large polyclonal population of cells transfected with the retroviral vector expressing the env gene, one may be confident that any variation in viral production between GPH clones might not arise from limiting expression of env proteins. Rather, it seems very likely that the discrepancies between GPH clones for production of env vector particles might arise from limiting production of gag peptides other than p279ag and/or from limiting production of pol polypeptide. This highlights the fact that helper cell lines with the highest level of viral production might not be necessarily found among clones displaying the highest level of p279ag in culture supernatant. As opposed to p279ag production assay, the interference assay used to measure the level of expression of the env gene in Haydee-PhEA cell lines seemed to be correlated to the actual vector titer although the sample size is too small to provide definitive evidence for that. We attributed this difference to the fact that Haydee-PhEA cell clones were screened for env gene expression with a biologic assay. Unlike the ELISA, which just reveals the presence of p279ag epitopes, the test of interference demonstrates the functionality of the gp85env protein.
Use of two separate packaging mutants for generating helper-free hybrid viruses. The two-separate-plasmid strategy was adopted because in addition to preventing packaging cell lines from producing replication-competent viruses, it offered the possibility of generating a helper cell line expressing only the gag and pol genes. Such a defective packaging cell line would be an intermediate to generate genuine helper cell lines expressing the env genes of different subgroup specificities. Such a system would allow production of different pseudotypes of the same retroviral vector to transfer exogenous genes into various tissues expressing different retrovirus receptors (5, 6) . On the other hand, coculture of packaging cell lines expressing different host range envelopes could be used to amplify a retroviral vector stock throught multiple rounds of infection by avoiding the barrier of interference (2) . Each cell line would be resistant to superinfection by the virus it releases, but it would be sensitive to infection by viruses produced by the other packaging cell lines. Therefore it allow the retroviral vector to replicate and to amplify in the absence of a transmissible helper virus.
Finally, a gag-pol producer cell line also offers the possibility of generating hybrid viruses with gag and pol proteins from ALV and env proteins from heterologous viruses. Such hybrid viruses have been produced by coexpressing the gag and pol genes from the Moloney murine leukemia virus and the env gene from the gibbon ape leukemia virus in murine fibroblasts. Primate cells were found to be very sensitive to infection by this hybrid virus (37) . This procedure might be of considerable interest for introducing genes into organisms for which no genetically engineered ecotropic retroviruses are available or for which amphotropic viruses are found to be very inefficient.
